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Socio-economic and environmental drivers are important determinants urban plant
richness patterns. The scale at which these patterns are observed in different regions,
however, has not been explored. In arid regions, where forests are not native, the
majority of the urban forest is planted, and trees are presumably chosen for specific
attributes. Here, we investigate the role of spatial scales and the relative importance
of environmental vs. socio-economic drivers in determining the community structure
of southern California’s urban forest. Second, we assess the usefulness of ecosystem
service-based traits for understanding patterns of urban biodiversity, compared with
species composition data. Third, we test whether resident preferences for specific tree
attributes are important for understanding patterns of species composition and diversity.
We studied tree communities in 37 neighborhoods in three southern California counties
(Los Angeles, Orange, and Riverside). The urban forest in southern California is very
diverse with 114 species. Using multiple regression analyses we found socio-economic
drivers were generally more important than environmental and the strength of the
relationship between urban forest community structure and socio-economic drivers
depended on whether we were analyzing within or across counties. There was greater
tree richness in wealthier neighborhoods compared with less affluent neighborhoods
across all counties and Orange County, but not in Los Angeles or Riverside counties
alone. We also found a greater proportion of residential shade trees in hotter
neighborhoods than in cooler neighborhoods, which corresponds with survey results
of residents’ preferences for tree attributes. Ultimately our study demonstrates that
the species richness and functional traits of urban tree communities are influenced by
managers’ and residents’ preferences and perceptions of urban tree traits.
Keywords: ecosystem services, functional traits, Los Angeles, resident preferences, tree diversity
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Introduction
Urban forests are unique in that they are novel assemblages
of native and exotic tree species (Kunick, 1987; Jim, 1993;
Sjöman et al., 2012; Aronson et al., 2015) that are influenced by
both biophysical (e.g., climatic factors) and human drivers (e.g.,
management and planting preferences; Sanders, 1984; Kunick,
1987; Talarchek, 1990). Accordingly, both socio-economic and
environmental drivers are necessary to explain patterns of urban
forest composition and cover. Within different cities, studies
have found a negative relationship between tree cover and
population density (Iverson and Cook, 2000; Clarke et al.,
2013), a positive relationship between tree cover and income
(Talarchek, 1990; Iverson and Cook, 2000; Lowry et al., 2011;
Clarke et al., 2013), a positive relationship between tree cover
and home or neighborhood age (Lowry et al., 2011), and a
postivie relationship between tree cover and education (Heynen
and Lindsey, 2003; Luck et al., 2009; Kendal et al., 2012b).
To our knowledge, fewer studies have found relationship with
urban forests and environmental drivers. In Salt Lake Valley,
UT, Lowry et al. (2011) found greater tree cover in areas
of higher precipitation, while in Los Angeles, CA, Clarke
et al. (2013) found no relationship between tree cover and
distance from the coast, an integrative measure of environmental
conditions. Heynen and Lindsey (2003) found greater tree cover
in areas with higher stream density and steeper slopes across
urban areas in central Indiana. In addition to overall tree
cover, understanding how sociological and biophysical drivers
affect species richness and measures of community diversity
is necessary for understanding the composition and drivers of
urban forests.
Controls of diversity have been investigated in natural systems
worldwide (Gaston, 2000), and the factors that influence diversity
can vary depending on the scale being investigated (Whittaker
et al., 2001; Field et al., 2009). Many drivers have analogs in
urban ecosystems. Area is a key determinant of diversity, where
larger areas can support more species (Gaston, 2000; Whittaker
et al., 2001). In cities, population density can be indicative of
available area for vegetation, as the aerial extent of vegetation
generally declines with population density within cities (Jenerette
et al., 2007). Time since disturbance is an important determinant
of diversity (Whittaker et al., 2001), in that species richness
increases during primary succession (Anderson, 2007). In cities,
species richness has been shown to increase with time since
development (Martin et al., 2004; Boone et al., 2009; Kirkpatrick
et al., 2011; Clarke et al., 2013). This may be seen as analogous
to time since disturbance, and therefore there are parallels
between processes of community assembly in more natural vs.
urban ecosystems. Household income has also been shown to
positively correlate with species richness (Hope et al., 2003;
Martin et al., 2004; Cook et al., 2012) and this relationship has
been termed the “luxury effect” (Hope et al., 2003). However, how
this relationship might be integrated into existing theories about
ecological determinants of diversity in natural systems is less
clear. Although, relationships between education and tree cover
have been found, to our knowledge no study has linked education
to biodiversity. How these different drivers of diversity influence
tree diversity at different scales, from plot to neighborhood,
municipal and larger regional scales, has not been investigated.
The urban forest as a whole can be considered a mosaic
of smaller land parcels or patches, either public or private,
that each have their own unique set of drivers (Sanders, 1984;
Zipperer et al., 1997). On a large scale, municipalities or districts
within cities have different levels of tree diversity (Jim and Liu,
2001a; Bourne and Conway, 2013). Within these governmental
designations, tree diversity, richness, and species identity can also
differ among land use types (e.g., commercial vs. transportation;
Bourne and Conway, 2013; Clarke et al., 2013) and private (e.g.,
residential) vs. public trees (e.g., street trees) that are typically
managed by the municipality (Maco andMcPherson, 2002). Both
residential and street trees have their own unique set of drivers
(Roman and Scatena, 2011; Pincetl et al., 2012), which is reflected
in street and residential trees having different traits and species
composition (Jim, 1993; Kirkpatrick et al., 2011). Differences
between street and residential trees likely reflect the different
planting pressures and preferences of the city and private land
owners (Jim, 1993; Kirkpatrick et al., 2011). Residential and street
trees are chosen based on management requirements and desires
for specific attributes (McBride and Jacobs, 1976), which change
over time (McBride and Jacobs, 1976; Kunick, 1987; Pearce,
2013). Thus, there are multiple spatial scales, frommunicipalities
to residential parcels, at which human preferences shape tree
communities.
As ecosystems are transformed to urban areas, a series of filters
change the composition of the component plant species, both
limiting which species can survive in the new urban environment
and adding desirable species that are planted (Williams et al.,
2009). In arid and semi-arid cities, trees are not a key component
of the native ecosystem and urban trees are planted as the city is
built. In comparison, in mesic areas where trees are native, trees
were removed as the city is built. Thus, key to predicting patterns
of urban biodiversity is to understand resident preferences
and how these preferences are reflected in plant assemblages,
especially in arid and semi-arid cities. While studies have noted
that the high proportion of flowering or fruit trees reflect resident
desires for these traits (Jim, 1993; Cook et al., 2012), no study,
to our knowledge, has directly linked resident preferences with
patterns of urban tree diversity. In Australia, Kendal et al. (2012a)
found that homeowner garden preferences were correlated with
garden plant traits, and these relationships were stronger for
residents who owned their homes for longer periods of time.
It is unknown, however, if there are similar patterns across
larger regional scales and for other types of planted urban
vegetation.
Here, we investigated patterns of urban tree community
composition in the Los Angeles Metropolitan area of southern
California to determine whether these patterns are correlated
with resident preferences. In a previous study, over 1000 residents
across southern California were surveyed about their preferences
for tree attributes (Pataki et al., 2013; Avolio et al., 2015).
Low-income residents had a higher preference for fruit trees,
and higher income residents expressed greater preferences to
have trees in their yard than low-income residents (Avolio
et al., 2015). Additionally, preferences for tree attributes were
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affected by local climatic conditions. For example, residents
who lived in hotter areas had a greater preference for shade
trees, and residents who lived in drier areas had a greater
preference for trees that used less water (Avolio et al., 2015).
Overall, certain tree attributes were more important than others,
with aesthetics and provision of shade ranked particularly
highly (Pataki et al., 2013; Avolio et al., 2015), however, we
do not know whether resident preferences for tree attributes
are actually reflected in compositional patterns of urban
forests.
Traits are increasingly used in ecological studies (McGill
et al., 2006) to understand plant distributions and responses
to environmental change (Reich et al., 1997; Díaz et al., 1998)
and urbanization (Vallet et al., 2010). Traits commonly used in
ecological studies (Cornelissen et al., 2003), however, are not
necessarily best suited for urban research, as many of these traits
have no direct correlate with attributes chosen by city managers
or residents (e.g., aesthetic attributes). To overcome this potential
limitation, Pataki et al. (2013) proposed “ecosystem service-based
traits” that are linked to known resident preferences, including:
water requirements, size at maturity, and presence of showy
flowers. Similarly, Zhang and Jim (2014), used similar traits
and called them “ecological amenities,” evaluating whether urban
trees provided seasonal changes in foliage color, shading, and
edible fruit. In Taipei, Jim and Chen (2008) found that the
main function of certain tree communities was to beautify the
surrounding area. In Guangzhou, China, Jim and Liu (2001b)
found that the most important ecological amenity in roadsides
was shade, while in parks it was flower or fruit provision,
demonstrating that different areas are managed to provide
different functions. Thus, studying tree traits that are important
for land mangers (e.g., city parks departments, residential home
owners) may be key to a predictive understanding of community
composition patterns of urban forests.
We had three objectives in this study. Our first objective was
to investigate the relative importance of socio-economic and
environmental factors in determining patterns of community
diversity and cover of the urban forest in southern California
at county and regional scales. Our second objective was to
determine whether there are discernable spatial patterns in urban
forest species composition and the distribution of traits. We
hypothesized that there would be differences among counties
and tree types (street vs. residential trees) in species composition
and functional trait richness because of different actors involved
in making planting decisions. We also hypothesized that traits
would be more useful for differentiating between counties and
tree types than species composition because the majority of
trees in LA are planted rather than naturally regenerating. We
propose that planted trees may largely be chosen for specific
traits (ecosystem service-based traits) rather than for species
composition per se. Our third objective was to evaluate whether
residents’ preferences for specific tree attributes are reflected
in the composition of the urban tree community, for example,
whether there are more shade trees in hotter neighborhoods.
An understanding of these patterns can contribute to general
theories of species assemblages in cultivated gardens and planted
urban forests.
Methods
Study Location and Data Collection
Urban forest composition was inventoried across three southern
California counties: Los Angeles, Orange, and Riverside in 2010
and 2011. Within each county 12 or 13 neighborhoods (37
in total) were selected to span a range of income and age of
development within each county, which were determined using
historical records and census tract data (Figure 1; Supplementary
Table 1). Neighborhood boundaries were determined from
local on-line sources (Supplementary Table 1), and on average
there were 7.5 census tracts per neighborhood (Supplementary
Table 1). In Los Angeles, all neighborhoods where trees were
surveyed were in the city of Los Angeles, while in Orange
and Riverside counties, the neighborhoods where trees were
surveyed spanned 11 and 4 cities, respectively. In Riverside,
seven of the neighborhoods were in the City of Riverside. In
each neighborhood, ten 22.4m in diameter circular plots (0.04
hectare) were randomly placed. Data was collected according to
the protocol in the Urban FOREst Effects (UFORE) model, now
iTree Eco (USDA, 2011). This involves counting and identifying
each tree and the overall tree cover of each plot. Land use type
(i.e., park, residential, commercial) was also classified according
to the iTree criteria and each tree was designated as either a street
tree or not. Of the species recorded, seven were shrubs or vines
that were trained to grow as trees and were excluded from our
analyses (for example, Bougainvillea glabra).
Socio-Economic and Environmental Variables
The plots were geocoded (ArcGIS 9.2, ESRI, 2006) and overlaid
with environmental and socio-economic variables. Climate
variables (temperature, annual maximum; precipitation, average
annual) were acquired from the PRISMClimate Group at Oregon
State University at a 1 km pixel size (Corvallis, OR, 2012)
and averaged over a 30 year period (1981–2010). Population
density at the tract level were taken from the 2010 U.S. census
demographic profile 1 (DP1). Median family income, year the
homes were built and proportion of the population with a college
degree or higher were taken at the block group level from the
American Community Survey from 2006–2011 (United States
Census Bureau, 2012). The average of all plots in a neighborhood
were used for all subsequent analyses. Across all counties, the
neighborhoods spanned a range of both environmental and
socio-economic factors (Table 1), none of which were correlated
with one-another (Supplementary Figure 1), except income
and education. Overall, Riverside was hotter and drier than
Los Angeles and Orange counties (Table 1); both Orange and
Riverside were more recently developed than Los Angeles;
Orange County had a higher income than Riverside; and there
was the higher population density in Los Angeles (Table 1).
Ecosystem Service-Based Traits and
Classifications
Based on a previous survey of residents in southern California,
we focused on ecosystem service-based traits that were found to
be important to residents (Pataki et al., 2013; Avolio et al., 2015;
Supplementary Table 2). Trait data for each tree species were
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FIGURE 1 | Locations of sampled plots across the 37 neighborhoods and three counties. The plots are clustered in neighborhoods.
TABLE 1 | Differences among counties.
F-value P-value Los Angeles Orange Riverside
(n = 13) (n = 12) (n = 12)
# Trees 0.4 ha−1 10.25 < 0.001 19± 1.7A 24±2.6A 12± 1.3B
Tree Cover (%) 0.181 0.835 14± 1.7 15±1.6 14± 1.7
Tree Richness 6.19 0.005 9± 0.62AB 12±1.15A 8± 0.71B
Precipitation (mm) 45.86 < 0.001 417± 13.7A 336±9.4B 269± 8.8C
Temperature (C) 23.06 < 0.001 28± 0.9B 27±0.9B 34± 0.1A
Income (USD) 3.18 0.054 87±965 , 12,783AB 116±769 , 14,374A 74±044 , 7962B
Year homes built 5.70 0.007 1961± 2.7B 1974±4.1A 1978± 4.7A
Population density (people km−2) 3.84 0.031 5033± 1153A 3301±717AB 1833± 254B
Education 2.206 0.126 0.704± 0.05 0.800±0.06 0.640± 0.04
Shown are the F- and P-values from One-Way ANOVAs and the mean ± S.E. for each response variable. Letters indicated significant differences at p ≤ 0.05 among the counties as
determined by Tukey’s HSD. Education is the proportion of the population with a college degree or higher.
collected from three sources: University of Florida’s horticultural
database (http://hort.ifas.ufl.edu/database/trees/trees_scientific.
shtml), California Polytechnic State University’s Urban Forest
Ecosystems Institute database (http://selectree.calpoly.edu/), and
from Sunset’s Western Garden Book (Brenzel, 2001). Traits were
classified at the species rather than the individual tree level. For
example, a species that will provide a high degree of shade at
maturity was counted as a shade tree, regardless of its current
size and how much shade it actually provided. We utilized
this method with the assumption that trees are likely procured
and planted for their advertised traits, usually at maturity, and
younger trees when they are planted might not yet possess
the desired traits. See Supplementary Table 2 for a list of the
ecosystem service-based traits used in this paper, traits are bolded
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and italicized here. The provision of shade had three categories
with three being the highest shading potential. Flowering had
three categories; 0 for species that did not flower (i.e., coniferous
trees) or species with inconspicuous flowers (i.e., maple trees),
(1) for trees whose flowers are visible (i.e., citrus trees) and (2) for
trees that had large showy flowers (i.e., Jacaranda trees). We used
two categories for fruiting depending on whether the species
provides an edible product. We also used two categories for fall
color depending on the presence of showy fall foliage. We used
two categories of fruit showiness that depended on whether the
fruit or berries are very visible. Overall, we derived a general
category of “showiness” as an integrative measure of beauty.
We calculated overall showiness as the sum of the flowering,
fall color and showy fruit categories. Higher numbers indicated
that a tree was more visually distinctive. Growth rate had three
categories: 1 ≤ 38 cm year−1, 2 = 39–76 cm year−1, and 3 ≥
77 cm year−1.Water requirement was derived from the Western
Garden Book (Brenzel, 2001) with a scale of 0–3. Zero was little
to no water needs, (1) was used for species reported to require
less than regular watering (every 2–3 weeks), (2) was used for
species reported to need regular watering, and (3) was for species
reported to require wet soils. Most of the species in this study
were 1–3. Damaging roots were quantified with three categories
depending on the degree to which roots could cause damage to
the yard and sidewalk. The tendency to drop litter was quantified
with two binary categories as well as NA for species for which
there was insufficient information. The phenology of leaves was
categorized as deciduous, evergreen or semi-evergreen. We also
derived an index of tree maintenance as the sum of fruiting,
high water requirement (water requirement > 2), dropping of
debris, and deciduousness which ranged from 0 to 4. Native and
palm both had two categories depending on whether the species
was native to southern California or a palm species, respectively.
Lastly, leaf color, leaf type (broad, needle, scaly), and flower color
were determined, leaf color did not take into account if the leaf
changed colors in the fall. Trees that did not flower or have visible
flowers had NA for flower color.
Tree Types
We used the Calflora (www.calflora.org) database to determine
tree species (as defined by Calflora) that can regenerate naturally
and have been recorded in Los Angeles, Orange, and Riverside
counties (136 native species and 113 exotic species). The Calflora
does not consider elevation, and species that are native only to
higher elevation areas are still considered native when sampled
at lower elevations. Any species we recorded that was not in
the Calflora database we considered cultivated and not able to
regenerate naturally in southern California.
Data Analysis
All data analyses were conducted in R (R Core Development
Team, Vienna, Austria) and statistical significance was
considered at α = 0.05. Environmental and socio-economic
data were averaged across all plots at the neighborhood level.
Tree data from each plot were summed at the neighborhood
level because the iTree plots were small and many contained
only 1 tree species. Thus, we considered all 10 iTree plots as
necessary to adequately sample a single neighborhood, and the
unit of replication was the neighborhood. The components
of the urban forest were measured three ways: (1) all trees
in all land use types, (2) street trees only across all land use
types, and (3) non-street trees in plots where the land use was
classified residential or multi-family. These three categories are
hereafter referred to as “all tree,” “street tree,” and “residential
tree” data, respectively. We calculated tree richness, Shannon’s
diversity, evenness (Shannon’s diversity/log (species richness)
and Whittaker’s Index for beta diversity in the Vegan package
(Oksanen et al., 2013).Three neighborhoods had no street trees
and two neighborhoods had no residential trees; thus these were
excluded from the appropriate analyses. Tree cover was summed
across all 10 plots and divided by 1000, and thus is percent cover.
For traits, we evaluated the proportion of trees in each
neighborhood that had specific traits (e.g., proportion of trees
that provided high shade). We quantified the proportion of
trees that had the highest shading potential (3), the highest
water requirement (3), the presence of visible and recognizable
flowers (1 or 2), the fastest growth rate (3), the most destructive
root systems (3), a showiness variable of > 1, and maintenance
value > 2. All other traits were binary. We performed stepwise
multiple regressions with residential trees only to assess the
degree to which expressed preferences of residents matched
attributes of the urban forest. We performed a functional
trait analysis to determine the functional dispersion of each
neighborhood with dbFD in the FD package (Laliberté and
Legendre, 2010), which takes into account both the dissimilarity
of traits as well as the abundance of each species. For these
analyses, we used Gower dissimilarity to determine how much
neighborhoods differed in tree traits. Gower allows for both
continuous and categorical traits to be analyzed simultaneously,
thus all traits were included in these analyses.
One-Way ANOVAs were used to determine differences
among counties in their urban forest, environmental and socio-
economic variables. Two-Way ANOVAs were used to determine
whether there were differences between street and residential
trees across the three counties for both measures of diversity
and traits. We used Tukey’s HSD for all post-hoc testing. To
study relationships between environmental and socio-economic
drivers with the urban forest we performed forward and
backwards stepwisemultiple regressions using theMASS package
(Venables and Ripley, 2002).We used the relaimpo package
to calculate partial regression coefficients (Groemping, 2006).
Although income and education were correlated, they were never
both selected for inclusion in a final multiple regression model,
which eliminated any problems of collinearity.
We tested for multivariate differences in street and residential
trees as well as street trees in the different counties based
on species composition and trait data with non-metric
multidimensional scaling using metaMDS in the Vegan package
(Oksanen et al., 2013). For neighborhood differences based on
species composition we used Bray-Curtis dissimilarity, while
for traits we used Euclidian distance based on the proportion
of trees with a particular trait. Using the adonis function in
the Vegan package, we performed permutational multivariate
ANOVA to test whether the patterns of community and
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trait dissimilarity were significant. Lastly, to determine the
relationship between geographic distance among neighborhoods
and tree community similarity based on both presence/absence
species data and traits, we performed Mantel correlations using
the Vegan package. Geographic distances were calculated in
ArcGIS using the measure tool. Species composition differences
among neighborhoods were calculated using Jaccard dissimilarity
and trait differences (all proportional traits) were calculated using
Euclidean distance. We performed Mantel correlations for all
trees, street trees, and residential trees.
Results
Southern California’s Urban Forest
Overall we found 114 trees species in the surveyed
neighborhoods. Using the classifications provided by Calflora,
we found that of these species 7% were native, 46.5% were exotic
but can regenerate naturally, and 46.5% were exotics that cannot
reproduce naturally and must be planted and maintained by
residents. We found 64 tree species in Los Angeles County, 75
in Orange County and 45 in Riverside County. All counties had
similar beta diversity (∼0.835) and demonstrated high turnover
in species across neighborhoods within a county. The most
common tree species was Mexican fan palm (Washingtonia
robusta) followed by queen palm (Arecastrum romanzoffianum)
and Mediterranean cypress (Cupressus sempervirens). Of these
three most common species, W. robusta and C. sempervirens
can reproduce naturally, while A. romanzoffianum cannot.
However, most of the trees we encountered were planted by
residents or the city and were not growing spontaneously. We
found that the most common tree species varied by county as
well as tree type (street or residential; Figure 2). Only one of the
most common species was native, Quercus agrifolia. There were
also differences among counties where Orange and Los Angeles
counties had a greater number of trees per neighborhood than
Riverside County, and neighborhoods in Orange County had
greater tree richness than Riverside (Table 1). We also found
some differences in land use type where residential areas had the
greatest number of tree species and tree cover while utility areas
had the fewest number of species and vacant lots had the least
tree cover (Table 2).
Determinants of Urban Forest Structure and
Richness
Overall, socio-economic drivers had a greater effect on urban
forest structure than environmental drivers, with neighborhood
income, year the neighborhood was built, and proportion of
residents with a college degree or higher being the most
important (Table 3). We also found that drivers differed
depending on scale, either across all counties or within counties
(Table 3). There were more trees in wealthier neighborhoods
(Figure 3, Table 2) across all counties and Orange County, and
there were also more trees in older neighborhoods in Orange
County (Figure 3, Table 3). There was greater tree cover in
more educated neighborhoods (Figure 3, Table 3) across all
counties, and within Riverside County there was greater cover
in older neighborhoods (Figure 3, Table 3). Across all counties
and in Orange County alone there was greater richness in
wealthier neighborhoods, and in Orange County only there was
greater richness in older neighborhoods (Figure 3, Table 3). In
Los Angeles County only, there was greater tree richness in
neighborhoods where residents were more educated (Figure 3,
Table 3). Across all counties, functional dispersion was not
explained by any environmental or socio-economic drivers, but
was negatively related to income in Riverside County only
(Figure 3, Table 3).
Patterns of Urban Forest Diversity, Composition,
and Traits
When only looking at street and residential trees across the three
counties, we found an interaction between county and tree type
for tree richness (Table 4; Figure 4A), where in both Los Angeles
and Riverside there was similar tree richness between street and
residential trees, but in Orange County there was greater tree
richness of residential trees compared with street trees. There
was an effect of county for proportion of shade trees (Table 4),
where there were more shade trees in Riverside compared with
Los Angeles (data not shown). We found more differences
between tree types (street and residential trees) than among
counties based on their traits (Table 4). A greater proportion
of street trees provided shade compared with residential trees
(Table 4; Figure 4B), while a greater proportion of residential
trees provided fruit compared with street trees (Table 4). We also
found that a greater proportion of residential trees had high water
requirements (Table 4; Figure 4C) and a greater proportion had
higher maintenance needs (Table 4; Figure 4D) compared with
street trees.
There were no differences in species composition (Figure 5A;
p = 0.488) between street and residential trees, although we
were able to detect overall trait differences between street and
residential trees (Figure 5C; p = 0.009). Similarly, we tested
for differences among counties in street tree composition. For
both species composition (Figure 5B; p = 0.133) and traits
(Figure 5D; p = 0.534) there were no differences in street trees
among counties.
Neighborhoods that were closer together did not have more
similar tree communities for all trees (r = 0.0336, p = 0.224)
and residential trees only (r = 0.0144, p = 0.350). For street
trees only, we found that neighborhoods that were close together
did have more similar tree species composition (r = 0.0774, p =
0.050). There were no distinguishable patterns in trait similarity
and distance among neighborhoods for all trees (r = −0.0345,
p = 0.749), street trees (r = −0.0697, p = 0.994), or residential
trees (r = −0.018, p = 0.593).
Links between Residential Preferences and
Residential Trees Communities
We foundmore residential trees in higher income neighborhoods
(Table 5) and that temperature alone explained 26% of variation
in the proportion of shade trees, where hotter neighborhoods
had a greater proportion of shade trees (Table 5; Figure 6). There
was a higher proportion of fruiting trees in older neighborhoods,
more flowering trees in neighborhoods where residents were
more educated, and a lower proportion of showy trees in
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FIGURE 2 | Rank abundance curves for the 15 most common street
and residential trees across the three counties. Also shown are whether
the species is native (N), is exotic but can reproduce naturally or
spontaneously (ES), or is an exotic species that must be cultivated (EC). The
names of most common 5–7 species are provided. Note that although many
of the trees are exotic but can reproduce spontaneously, the majority of trees
were still planted. This is especially true for the street trees. Species codes:
Archontophoenix cunninghamiana (Arcu); Arecastrum romanzoffianum (Arro);
Cinnamomum camphora (Cica); Cupaniopsis anacardioides (Cuan);
Cupressus sempervirens (Cuse); Ficus benjamina (Fibe); Koelreuteria
bipinnata (Kobi); Ligustrum japonicum (Lija); Liquidambar styraciflua (List);
Magnolia grandiflora (Magr); Melaleuca quinquenervia (Mequ); Metrosideros
excelsus (Meex); Pinus canariensis (Pica); Platanus x acerifolia (Plxac);
Podocarpus gracilior (Pogr); Prunus cerasifera (Prce); Pyrus calleryana
(Pyca); Quercus agrifolia (Quag); Quercus ilex (Quil); Ulmus parvifolia (Ulpa);
Schinus molle (Scmo); Washingtonia robusta (Waro).
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TABLE 2 | Patterns of tree community diversity by land-use type across three counties in southern California.
County Land use N Alpha diversity Beta diversity Gamma diversity # of stems % Tree cover
Richness Evenness H′
All Commercial 55 1.16 (0.07) 0.105 (0.04) 0.094 (0.04) 0.595 (0.01) 21 0.78 (0.18) 3.63 (0.79)
All Institutional 19 1.16 (0.12) 0.105 (0.07) 0.094 (0.07) 0.464 (0.04) 7 0.79 (0.32) 10.26 (4.09)
All Park 14 1.64 (0.22) 0.393 (0.13) 0.358 (0.12) 0.942 (0.02) 16 3.34 (1.16) 33.93 (7.54)
All Transport. 13 1.23 (0.17) 0.148 (0.10) 0.133 (0.09) 0.628 (0.06) 7 2.69 (1.31) 10.38 (4.29)
All Utility 5 1.4 (0.24) 0.356 (0.22) 0.247 (0.15) 0.700 (0.15) 4 1.80 (1.11) 13.00 (9.69)
All Vacant 25 1.08 (0.05) 0.073 (0.05) 0.051 (0.03) 0.300 (0.03) 6 0.32 (0.17) 2.80 (1.44)
All Multi-family 42 1.67 (0.15) 0.390 (0.07) 0.351 (0.07) 0.930 (0.01) 37 2.53 (0.37) 15.83 (1.93)
All Residential 188 1.54 (0.06) 0.366 (0.03) 0.302 (0.03) 0.960 (0.001) 90 2.18 (0.16) 18.37 (1.16)
LA Residential 56 1.52 (0.11) 0.322 (0.06) 0.271 (0.05) 0.962 (0.004) 44 2.30 (0.38) 19.01 (2.03)
OC Residential 66 1.73 (0.10) 0.510 (0.06) 0.418 (0.05) 0.969 (0.003) 60 2.65 (0.25) 16.28 (1.82)
RI Residential 66 1.36 (0.08) 0.260 (0.05) 0.211 (0.05) 0.948 (0.004) 39 1.62 (0.17) 19.92 (2.14)
N is the number of iTree plots that were classified as each land use type. Please note that this is not at the neighborhood scale but considers each iTree plot separately. Beta diversity
was measured as the Whittaker Index. Shown are means and standard error in parentheses of all the plots in use land use class.
TABLE 3 | Relationships of between characteristics of the urban forest for all trees with socio-economic and environmental drivers.
Model Adj. R2 (AIC) Temp. Precip. Pop. Den. Income Yr. Built Edu.
NUMBER OF TREES
Los Angeles n.s.
Orange 0.732** (40.1) 0.044 0.028 0.345** 0.411**
Riverside n.s.
All counties 0.302** (146.6) 0.082* 0.259**
TREE COVER
Los Angeles n.s.
Orange n.s.
Riverside 0.778** (−83.1) 0.151 0.144 0.523**
All counties 0.236** (−211.2) 0.122 0.052 0.124*
RICHNESS
Los Angeles 0.509* (15.1) 0.063 0.054 0.514**
Orange 0.762* (19.6) 0.087* 0.051 0.024 0.084* 0.624**
Riverside n.s.
All counties 0.261** (82.8) 0.039 0.184** 0.100
FUNCTIONAL DISPERSION
Los Angeles n.s.
Orange n.s.
Riverside 0.506** (−93.8) 0.075 0.086 0.493*
All counties n.s.
Models were run for each county separately and for all counties together. If an explanatory factor was not included in the final model the cell is left blank. Otherwise, relative importance
of the factor is reported. For the significant explanatory variables, a cell shaded dark gray is a positive relationship and light gray is a negative relationship between the explanatory factor
and measures of the urban tree community. For the overall model, and relative importance of individual factors significance is shown as: *p < 0.05, **p < 0.01.
neighborhoods with higher population densities (Table 5). For
undesirable traits, we found a greater proportion of trees with
damaging roots in hotter, drier neighborhoods (Table 5). Lastly,
we found a lower proportion of high maintenance trees in newer
neighborhoods (Table 5).
Discussion
Urban ecosystems are increasing in area worldwide (Grimm
et al., 2008) and yet, we have relatively little ecological theory to
understand what controls population and community processes
in urban forests. The current lack of understanding is associated
with the complex and varied ways residents shape urban plant
communities. In semi-arid and arid cities, urbanization increases
the number of trees overall, and this pattern appears to be quite
generalizable (McBride and Jacobs, 1976; Zipperer et al., 1997;
Jenerette et al., 2013). Given that a large proportion of trees
in these cities are planted, it seems reasonable to assume that
sociological drivers are important determinants of richness and
that attributes of these trees should be related to the preferences
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FIGURE 3 | Overall patterns of urban forest characteristics in
urbanized southern California. Data are for all neighborhoods
across the three counties. A regression line is only shown for
significant relationships. Black thick lines are the relationships across
all counties, and thinner gray-scale lines are the relationships within
each county.
and management concerns of the actors who select trees. Here,
we found that a new set of ecosystem service-based traits are very
useful for understanding drivers of urban forest composition.
Southern California’s Urban Forest
We found over 10 fold more exotic species than native species
in southern California. Southern California is naturally an
Frontiers in Ecology and Evolution | www.frontiersin.org 9 July 2015 | Volume 3 | Article 73
Avolio et al. Southern California’s urban forest
T
A
B
L
E
4
|
D
if
fe
re
n
c
e
s
b
e
tw
e
e
n
c
o
u
n
ti
e
s
a
n
d
tr
e
e
ty
p
e
(s
tr
e
e
t
o
r
re
s
id
e
n
ti
a
l)
in
c
o
m
m
u
n
it
y
d
iv
e
rs
it
y
a
n
d
tr
a
it
s
.
F
a
c
to
r
d
.f
.
R
ic
h
.
E
v
e
n
.
D
iv
.
(H
’)
F
u
n
c
.
D
is
p
.
S
h
a
d
e
F
ru
it
F
lo
w
.
S
h
o
w
y
F
a
s
t
g
r.
rt
.
D
a
m
.
rt
s
.
H
ig
h
w
a
te
r
re
q
.
H
ig
h
m
a
in
t.
C
o
u
n
ty
2
3
.4
5
(0
.0
4
)
2
.3
6
(0
.1
0
)
1
.8
8
(0
.1
6
)
1
.7
8
(0
.1
8
)
4
.9
2
(0
.0
1
)
2
.5
4
(0
.0
9
)
1
.2
5
(0
.2
9
)
0
.1
0
(0
.9
1
)
1
.4
3
(0
.2
5
)
2
.9
2
(0
.0
6
)
2
.6
0
(0
.0
8
)
1
.7
7
(0
.1
7
)
Ty
p
e
1
8
.1
1
(0
.0
1
)
0
.8
3
(0
.3
7
)
3
.2
9
(0
.0
7
)
1
.0
8
(0
.3
0
)
4
.1
8
(0
.0
5
)
4
.9
4
(0
.0
3
)
2
.2
7
(0
.1
4
)
0
.3
2
(0
.5
7
)
1
.0
1
(0
.3
1
)
2
.1
8
(0
.1
5
)
1
4
.2
(<
0
.0
1
)
5
.6
3
(0
.0
2
)
C
x
T
2
3
.4
8
(0
.0
4
)
0
.7
4
(0
.4
8
)
5
.1
4
(0
.0
1
)
0
.9
1
(0
.4
1
)
2
.1
9
(0
.1
2
)
1
.8
7
(0
.1
6
)
0
.7
2
(0
.4
9
)
1
.5
0
(0
.2
3
)
0
.1
5
(0
.8
6
)
1
.9
2
(0
.1
5
)
0
.3
8
(0
.6
9
)
1
.3
5
(0
.3
5
)
S
h
o
w
n
a
re
th
e
F
-
a
n
d
P
-
va
lu
e
s
fr
o
m
Tw
o
-W
a
y
A
N
O
V
A
s
.
S
ig
n
ifi
c
a
n
t
va
lu
e
s
a
re
b
o
ld
e
d
.
ecosystem where trees were not a dominant feature of the
landscape at low elevations prior to urbanization (Rundel and
Gustafson, 2005), and a general trend of more exotic tree species
in urban areas has been found elsewhere (Aronson et al., 2015).
The vegetation of southern California was surveyed in the 1980’s
(Miller and Winer, 1984) and street trees were surveyed in 1990’s
(Lesser, 1996). In 1984, the most common trees were California
fan palm (Washingtonia filifera), Italian cypress (Cupressus
sempervirens), and Monterey pine (Pinus radiata; Miller and
Winer, 1984). All three species were found in our study; however,
now the most common species is the exotic Mexican fan palm
(W. robusta) and Monterey pine was not very common. In
1996, the most common street trees were American sweetgum
(Liquidambar styraciflua), southern magnolia (Magnolia
grandifolia), and holly oak (Quercus ilex; Lesser, 1996), and the
most recently planted street trees were American sweetgum;
crape myrtle (Lagerstroemia indica), and London planetree
(Platanus x acerifolia; Lesser, 1996). Of the most commonly
planted species in 1996 both American sweetgum and London
planetree were among the five most common species. Many
of the species that dominated our survey in 2010 were not as
common 20–30 years ago, which may reflect the changing nature
of resident preferences and species that are available in nurseries,
which do change over time (Pincetl et al., 2013).
Determinants of Urban Forest Structure and
Richness
In contrast to Kendal et al. (2012b), who found that biophysical
factors explained patterns of richness, we found that only
socio-economic factors were significant, which is similar to
patterns in Phoenix, AZ (Hope et al., 2003). One possible
reason for this is the location of this research in southern
California. Southern California has historically been described
as a “Garden of Eden” (Pincetl et al., 2013). The temperatures
are mild and with rampant irrigation urban plants are not
reliant on rainwater. This is one possible reason why we did
not find an effect of precipitation; trees are heavily irrigated in
southern California (Pataki et al., 2011). The effect of climate and
environmental conditions is most likely much stronger in cities
where temperatures are more extreme.
Similar to other studies, we found greater species richness in
higher income neighborhoods (Hope et al., 2003; Martin et al.,
2004), although to our knowledge this is the first study to find
this pattern when focusing on trees only. In a previous study that
focused on the city of Los Angeles, Clarke et al. (2013) found that
tree diversity was interactively affected by both development age
and household income, where older, wealthier neighborhoods
had the highest richness and new low income neighborhoods had
the lowest richness. In southern California, maintenance costs of
trees include irrigation (Pataki et al., 2011), which may enable
wealthier areas to have greater tree cover (Jenerette et al., 2013).
Income can also result in greater richness through complex social
interactions, termed the “ecology of prestige” (Grove et al., 2006,
2014), whereby homeowner’s desire to create an aesthetic that
is associated with wealth. In addition to income, we found a
marginally significant effect of neighborhood age (p = 0.06)
with higher diversity in older neighborhoods. In Orange County,
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FIGURE 4 | Patterns of community diversity across counties and
tree types in species richness (A), proportion of shade trees
(B), proportion of trees with high water requirements (C), and
proportion of trees that are high maintenance (D). Shown are
means ± standard error. Letters denote significant differences
p ≤ 0.05.
however, neighborhood age was the best predictor of richness
and explained over 60% of variation in species richness. In
Los Angeles County we found education was the best predictor
or richness, explaining 62% of variation in richness. To our
knowledge we are the first study to link education to biodiversity,
other studies have found an effect of education on tree cover
only (Heynen and Lindsey, 2003; Luck et al., 2009; Kendal et al.,
2012b). In Los Angles, income was not included in the final
multiple-regression model, suggesting that the education effect
is not that these residents had more money. Instead, our findings
suggests that education could be affecting ones attitude toward
the importance of urban forests and trees in general, resulting in
more pro-environmental behavior (Chen et al., 2011). Lastly, we
did not find an effect of population density, perhaps becausemost
neighborhoods were characterized by relatively high population
density (Figure 1) and thus there was not much variation in this
driver.
We also found the scale at which we were looking, within or
across counties, affected drivers of the urban forest. For example,
we were unable to detect a relationship between tree richness and
socio-economic or environmental variables in Riverside County.
This suggests that similar to natural areas, the scale at which
diversity is assessed can be an important determinant of the
associated drivers (Whittaker et al., 2001; Field et al., 2009).
Hence, at the county scale there is reduced range of values to
correlate with diversity relative to the regional scale, similar to
findings in natural ecosystems (Field et al., 2009) in which drivers
of diversity are more difficult to detect at smaller spatial scales.
For example, there was a reduced range of neighborhood ages
in Los Angles compared with Riverside and Orange Counties.
Further, while we chose neighborhoods to span a range of income
and age, we only sampled 10 neighborhoods per county, and
perhaps a more exhaustive sampling would have revealed more
patterns.
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FIGURE 5 | Differentiation of tree types across counties (street
and residential) and counties (street trees only). We were unable to
differentiate between street and residential trees (A, stress = 0.149), or
between counties (B, stress = 0.104) using species composition data.
Using trait data, we were able to detect differences between street and
residential trees (C, stress = 0.198), but not counties using all traits (D,
stress = 0.157). Species data is shown in circles and trait data in
triangles.
TABLE 5 | Relationships of residential trees’ functional dispersion, number of trees, and proportion of trees with a particular trait and socio-economic
and environmental drivers.
Model Adj. R2 (AIC) Temp. Precip. Pop. Den. Income Yr. Built Edu.
Functional dispersion n.s.
Number of trees 0.159* (121.7) 0.035 0.173**
Shade trees 0.264** (−97.9) 0.285**
Fruiting trees 0.198** (−113.4) 0.078 0.019 0.183* 0.030
Flowering trees 0.091* (−93.7) 0.118*
Showy trees 0.170** (−93.9) 0.034 0.185**
Trees with damaging roots 0.283** (−120.75) 0.159** 0.158** 0.034 0.016
High water needs trees n.s.
Fast growing trees n.s.
High maintenance trees 0.109* (−116.7) 0.135*
If an explanatory factor was not included in the final model the cell is left blank. Otherwise, the significance p-value of the factor is reported. For the significant explanatory variables, a
cell shaded dark gray is a positive relationship and light gray is a negative relationship between the explanatory factor and measures of the urban tree community. For the overall model,
and relative importance of individual factors significance is shown as: *p < 0.05, **p < 0.01.
Patterns of Urban Forest Diversity, Composition,
and Traits
We found differences among counties, land use types, and
street and residential trees in multiple measures of community
diversity. Among land use types we found the highest species
richness in parks and residential properties and the lowest in
vacant lots and intuitional properties (Table 2). We also found
differences between street and residential trees and an interaction
with county, where there was greater richness of residential
trees in Orange County but not in Los Angeles and Riverside
Counties. Jim (1993) also found greater residential tree diversity
than street tree diversity within a neighborhood of Hong Kong.
Overall, we found different levels of species richness depending
on land use types and tree types (residential vs. street), which
may reflect the many different managers and drivers of the urban
forest.
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FIGURE 6 | The relationship between the proportion of trees that
provide significant shade and local neighborhood temperature of
residential trees. See Table 4 for significance.
We postulate that residents may be less concerned with
individual species, with which they are often unfamiliar, and
more concerned with the functional and visual attributes that
species provide. Trait identification and classification may be
more informative than species identity and richness. When
we compared traits of residential and street trees we found
that residential areas had a greater proportion of fruiting trees
and street trees had lower water requirements and needed less
maintenance, but there was no significant difference in species
composition between street and residential trees. Taken together,
residents may plant trees more for provisioning ecosystem
services while city managers are more concerned with tree water
requirements and maintenance.
Neighborhoods that were closer together had more similar
street tree species than neighborhoods farther apart. Although
patterns of spatial auto-correlation are commonly found in
natural ecosystems (Koerner and Collins, 2013), previous
studies on urban vegetation did not find evidence of spatial
auto-correlation (Hope et al., 2003; Clarke et al., 2013). We
only found evidence of spatial auto-correlation with street trees,
not all trees or residential trees, which could be caused by
similar planting choices within municipalities or neighborhoods
closer together may have been developed at similar times and
reflect the planting preferences of that time period. Overall, our
findings suggest that neighborhoods within cities might have
more similar tree communities than neighborhoods in different
cities.
Links between Residential Preferences and
Residential Trees Communities
Avolio et al. (2015) surveyed of preferences of residents across five
southern California counties, including Los Angeles, Orange, and
Riverside. This survey included residents in the neighborhoods
studied here, however, we are not able to link preferences of
residents in those specific neighborhoods with traits of trees in
their neighborhood due to limitation of the dataset. Based on
previous findings about the preferences of urban residents in
southern California for specific tree attributes, we hypothesized
that these preferences would shape the traits of the urban forest.
For example, wealthier residents in southern California ranked
the importance of having trees in their yard more highly than
lower income residents (Avolio et al., 2015), and correspondingly
we found more residential trees in higher income neighborhoods
than lower income neighborhoods. Residents that lived in
hotter areas had a greater preference for shade trees (Avolio
et al., 2015), and here we found more shade trees in hotter
neighborhoods. This is contrary to patterns expected based on
biophysical drivers of forest processes alone, in that leaf area
generally declines with increasing temperature (Cornelissen et al.,
2003). Hence, planting preferences may completely overcome
biophysical drivers and limitations. Although residents in more
arid areas had a greater preference for trees that required
less water (Avolio et al., 2015), we did not find that drier
neighborhoods had more drought tolerant trees; tree watering
requirements were not explained by any of the independent
variables. This may be partially explained by the low cost of
water in southern California, such that irrigation requirements
may not have historically played an important role in decision-
making about trees. Similarly, although provision of fruit was
more important to low income than high-income residents
(Avolio et al., 2015), here we found that the proportion of
fruit trees was not related to income. A possible cause of this
mismatch between resident preferences and traits of the urban
forest is that monetary limitations may restrict the ability of
lower income residents to create tree communities that match
their preferences. By comparing stated preferences with patterns
of urban forest diversity and traits we found that resident
preferences are reflected in traits of the urban forest, and that
the strength of this relationship may be modified by resident’s
income.
Conclusion
In southern California we found a diverse urban forest primarily
composed of exotic species. Overall, socio-economic variables
better explained variation in species richness, number of
trees, tree cover, and functional dispersion than environmental
variables. Additionally, we found that within county drivers
of the urban forest were not the same at larger geographic
scales, highlighting the need for ecologists to study the scale
at which drivers of urban diversity are most influential. We
found linkages between resident preferences for specific tree
attributes and the actual distribution of functional traits in the
urban forest. For example, we found that residents in hotter
neighborhoods have a greater tendency to prefer shade trees,
and currently this is manifest in more shade trees in hotter
neighborhoods. Overall our results show that the majority of
tree species in the urbanized region of southern California
are exotic species, about half of which need to be actively
planted by humans for their survival. As such, the attributes
or traits that residents and managers use to select which
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species to plant are key to understanding patterns of urban
vegetation.
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